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FOREWORD

Work at the Thayer School of Engineering at Dartmouth College on this
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K-0090. Dr. A. William Ruff has been the ONR contract monitor since January 1,

1983, while Mr. M. Keith Ellingsworth of ONR was the contract monitor until

December 31, 1982.

Mr. Victor A. Surprenant of Dartmouth College assisted in materials

aspects of the research and both he and Sidney A. Karpe of the David Taylor

Naval Ship R&D Center In Annapolis contributed measurably to discussions about

the observed seal contact phenomena. Drs. Daniel F. Play of INSA, Lyon, France

and Irving H. Thomae of Dartmouth College assisted in the development of the

computer-based surface profilometry system.

Face seals for the experimental phase of the project were contributed by

EG&G Sealol, Inc., H.F. Greiner, Vice President and Chief Engineer. Carbon

composite seal rings for wear testing were provided by United Technologies Corp.9
Research Center, Dr. Eric J. Minford, Associate Research Scientist. Assistance

with seal ring profile measurement was provided by personnel of Alphamicron, Inc.,

Lebanon, N.H.
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INTRODUCTION AND BACKGROUND

Since December 1, 1980, work has been in progress at Thayer School of

Engineering on ONR Contract NOOO14-81-K-0090. The goal of the work has been

,.o gain a better understanding of factors affecting thermomechanical failure

of seal rings in mechanical face seals. The research has been directed at

learning the root causes of thermocracking and other failure modes, the rela-

tionship between the failure mechanisms and non-uniformity of contact at the

seal interface, and what material parameters have the most influence on the

failure mechanisms. The research has included both analytical and experimental

activities aimed at accomplishing these goals. The results obtained in the

first two years of this research program were described in earlier reports [1,2],

but will be summarized here for completeness. This report will concentrate on

work performed during the period December 1, 1982 to November 30, 1983.

The sealing interface of a mechanical face seal consists of two seal rings

with their contacting surfaces lapped flat and parallel. It has been assumed

that during operation the two seal faces, one of which is rotating and one

stationary, either are in uniform, lightly loaded contact or else have a thin,

uniform film of sealed fluid separating them. In actual fact, however, the

seal surfaces have a slight initial waviness and this results in non-uniform

o (solid-to-solid contact at the seal interface. One consequence of this is that

frictional tractions and the resulting frictional heating can vary around the

seal ring circumference. It was shown by Burton and others [3,5] that this

o non-uniform heating may, by the process known as thermoelastic instability,

result in concentration of contact into a few hot, highly stressed contact

patches or thermal asperities. At the outset of this work it was hypothesizedl that this concentration of contact could result in seal failure by thermo-

cracking and other thermomechanical failure modes.

The first phase of the work, accomplished with the aid of personnel at

m
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the David Taylor Naval Ship R & D Center in Annapolis, involved the examina-

tion of marine seal components which have exhibited thermocracking. Macro-

scopic and microscopic examination of the metallic seal rings showed that

most thermocracks are radial in nature and initiate at carbide particles on

the seal surface of the cast cobalt-based alloy rings [1,6]. The cracks,

which are distributed relatively uniformly in the circumferential direction

on the seal face, appear to initiate and propagate in a brittle manner in a

tensile mode (Mode I). There was evidence on the seal surfaces that localized

contact conditions had occurred in thermocracked regions, with both deformation

and temperature in the contact region being rather severe.

The next phase of this research was an analytical study which aimed to

determine how localized contact patches at the seal interface could lead to the

onset of thermocracking. The finite element method was chosen and a finite

, element thermal analysis program was developed for use in calculating surface

temperature distributions in sliding seals [7,8]. This program, THERMAP, was

used along with a finite element stress analysis program, FEATS, to determine

temperature and thermal stress distributions near contact patches on the seal

ring surface [1,6]. It was found that very high temperatures occur at the

contact patches owing to frictional heating. The regions affected by these high

Q" temperatures are quite small, but thermal stresses in those regions are large.

'-i .The stresses are compressive, however, so cannot directly cause thermocracks

of the type observed in our studies. It was concluded that these large com-

pressive thermal stresses cause substantial plastic deformation near contact

patches. Upon movement of the contact patch, residual tensile stress would

result which could easily cause cracks like those observed [6].

The analytic&' stvdy resulted in a proposed thermocrack mechanism which

could account -- a observed characteristics of thermocracks. The analysis

relied, however, on a crucial assumption--that the formation of localized

.... .. .p •..
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contact patches, or thermoelastic instabilities, precedes thermocracking.

Similar small, highly loaded contact patches had been observed in various

laboratory configurations by other researchers [5,9], but there had been no

direct observation of thermoelastic instabilities in face seals. There was

some evidence, based on observation of disassembled seal faces after seal

failure, that this was in fact what had occurred [10]. Not until recently,
however, has the presence of the hot contact patches actually been detected

s' ~in operating face seals. Recent work in our laboratory has resulted in the

4, development of a contact probe which can be used in monitoring contact patch

sizes and locations in ring-on-ring or ring-on-disk configurations [11). The

probe also serves as a dynamic thermocounle to enable measurement of surface

temperatures within the contact patches. It has already proven quite effective

in the characterization of contact patches in operating mechanical face seals,

especially during dry operation [11,12].

Substantial evidence has been obtained which shows that contact in face

seals, at least during dry operation, is concentrated in several small patches

on the seal interface. In all cases the patches remain approximately stationary

with respect to the metallic seal ring, whether that ring be stationary or

rotating. The number of these patches is usually between 2 to 4 and their size

is dependent on the properties of the seal materials and on the operating

parameters, especially velocity of the seal. A dynamic thermocouple was developed

to measure the temperatures within the contact patches and those temperatures,

which were well above ambient temperature, were found to depend on the size of

the contact patches as well as the amount of frictional heat generated within

-.5, them [11,12]. The experimental work has, therefore, produced the first recorded

.0 data on contact conditions in operating face seals. Application of the contact

probe to liquid lubricated face seals had however proven difficult and inconclu-

sive [12]. One of the objectives of this past year's work was the extension

e
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of the experimental study of seal contact conditions to liquid lubricated

seals.

Several analysis of the stress and temperature distributions around

contact patches in seal-like configuration have been attempted [6,13,14].

They have shown that both stress and surface temperature reach high values in*
the patch vicinity and that the stresses can be high enough to cause plastic

deformation and cracking of the contacting seal faces in severe cases [6,14].

These analyses have, however, relied on assumptions about contact patch size

and about the distribution of frictional heat flux and surface tractions.

There had been no previous attempt to evaluate the contact conditions actually

present in face seals and to determine the stress and temperature distributions

under those conditions. Such a determination was a second objective of this

past year's work on this project.

As was stated above, it was hypothesized that the origin of the non-uniform

solid/solid contact conditions on the sealing surface is the initial waviness

of the seal faces. This initial waviness has been found to be present despite

careful lapping of the sealing surfaces [15]. Another objective of this year's

work was the determination of the relationship between contact patch locations

and the surface profile of the seal rings.

A final objective of this year's research was to begin a study of wear of

the contacting seal ring surfaces. Earlier work on this project had not in-

cluded any measurement of seal ring wear.

.4J
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APPARATUS AND PROCEDURES

Experimental Apparatus for Contact Study

The seals used in this program were slightly modified versions of a

mechanical face seal designed for turbine engine applications. The seal has

* a commercially-available carbon graphite primary ring, which in most of these

tests served as the stationary seal ring. The rotating ring was metallic,

with three different metal ring materials being used in the study: 440 C stain-

* less steel, beryllium copper, and 52100 bearing steel. The properties of the

metallic ring materials are given in Table 1. The sealing surface had an inside

diameter of 5 cm and a width of 2.5 mm.

The seal rings were mounted in specially designed holders. The holder with

the rotating ring was mounted on the spindle of a modified drill press. The

stationary specimen holder was mounted on a thrust bearing beneath the spindle

* Oand was surrounded by a test chamber which could serve to collect leakage from

the seal. Rotation of the test chamber was limited by a torque-sensing system

. for friction determination. Normal load was applied through the spindle by

* a static weight hung on the loading arm. The spindle was rotated at a preset

speed ranging from 15.7 rad/s to 188.5 rao/s (surface velocity of the rotating

ring ranging from 0.41 to 4.95 m/s).

The stationary carbon seal ring had a very small (0.22 mm diameter) hole

drilled in it, perpendicular to the contact surface. A fine wire (.18 mm diameter)

was mounted in the hole to act as a contact probe [11]. The wire was bonded in

the ring with an electrically insulating adhesive and the surface of the ring

was then lapped and polished. The wire then formed part of the seal ring surface,

but it was electrically insulated from the rest of the ring. The probe wire was

0 made from constantan so that it could act as one leg of a dynamic thermocouple [11].

The other side of the contact probe circuit, and the other leg of the thermocouple,

P. oe
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was the rotating metallic seal ring. Electrical connection was made to the

rotating seal ring through a carbon electrical brush at the ring outside diam-

eter. A schematic diagram of the test apparatus is shown in Figure 1.

To allow the possibility of liquid lubricated seal tests, a means was
,1-

provided to supply pressurized fluid to the interior of the seal. For the

purposes of these tests, the fluid was tap-water and its pressure could be

controlled by a regulator in the supply line (Figure 1). The flexible supply

line tubing did not inhibit friction measurement.

During a test, the contact probe/thermocouple worked as follows [11];

In the probe mode, a 5 volt D.C. signal was applied to the rotating ring via

0 the electrical brush. The probe wire was monitored using an oscilloscope. If

the wire location on the stationary ring was in intimate contact with the

rotating ring, a 5 volt signal appeared on the scope; otherwise zero volts

* appeared. The oscilloscope trace was triggered at the same point on the rotating

ring each revolution. The probe output could, therefore, be used to locate

contact patches, determine their size (from the width of the 5 V pulses) and

4 monitor their motion relative to the moving rin'. In the thermocouple mode the

5 V input signal was turned off and, instead, the emf generated by the dynamic

k thermocouple junction was monitored, enabling temperatures of the contact

- patches to be approximated. In order to completely map the contact patch motion,

'S the ring positions were switched; a probe wire was mounted in the previously-

rotating ring, and the test was repeated.

Wear measurements were made during some of the dry tests. These were done

5.. by weighing both seal rings before and after the tests, which were run for a set

duration (1 hour). Wear was therefore measured as weight (or mass) loss during

a test run. No attempt was made to pinpoint the location of wear activity on

the surfaces or to determine wear mechanisms. Several different carbon seal

ring materials were used in the study, including two carbon composites now under

development at United Technologies Research Laboratories.

5*' V
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440C 52100
Stainless Beryllium Bearing

• Steel Copper Steel

Rockwell R 58 RC38 RC62
Hardness C C C

Modulus of 200 131 207
Elasticity

(GPa)

Thermal 24.2 100.5 38.1
* Conducti vi ty

(W/m.K)

Coefficient
of Thermal 100.8 167.4 126.2
Expansion

* (10- 6 /oC)

TABLE 1 Properties of metallic ring materials
used in this study

!
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Experimental/Numerical Technique for Stress and Temperature Analysis

In some of the dry tests, more information was required about contact

conditions than could be determined with certainty from the contact probe/

thermocouple device. For example, although the shape of the surface temperature

profile determined by the dynamic thermocouple was considered to be reasonably

accurate, some doubts remained about the accuracy of the temperature magnitudes.

(The thermocouple was calibrated statically at two temperatures, O°C and 100%C.)

The contact pressure distribution was also desired and, in some cases, so was

the stress distribution around the contact. To accomplish those tasks, the

probe/thermocouple was used, along with finite element temperature and stress

analysis programs, in a combined experimental/numerical technique. The technique

was as follows: The contact probe was used in the patch location mode to find

and characterize the geometry of contact patches in an operating face seal.

The probe was then switched to the dynamic thermocouple mode to determine the

.1 face temperature within the patches. Static thermocouples were used at the same

time to determine temperatures at the rear (non-contacting) faces of the seal

rings.

To verify the temperature magnitudes and to determine stress distribution,

thermal and stress analysis was carried out using finite element methods. A
-S,_ finite element model of a single contact was generated, based on the measured

geometry of the rings and of a single contact patch. The thermal analysis used

a surface temperature analysis program [7,8] which has recently been modified

V to enable more accurate solution of the convective diffusion problem encountered

*in sliding contacts with frictional heating [2]. Boundary conditions for the

thermal analysis included the measured rear face temperatures and an assumed

uniform heat flux in the contact patch, determined from measured friction force

and velocity data. The predicted surface temperature profile was compared with

*that measured with the dynamic thermocouple. Adjustments were made in the

.4 
, -  

. - ,- " 
"' ' 
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assumed heat flux distribution, while keeping the total heat flux constant, to

produce a surface temperature profile in agreement with the experimentally-

determined profile. This procedure enabled determination of both the temperature

distribution in the vicinity of the contact patch and the distribution of

frictional heat at the patch interface. From the latter could be found the

contact pressure distribution. Using the contact pressure along with the

friction coefficient and the temperature distribution, the deformation and

stress distributions around the contact patches were then determined in a finite

element thermoelasticity analysis.

Profi lometry Apparatus

,* Profiles of the seal ring surfaces have been obtained using profilometry

, equipment purchased with ONR support. The heart of the system is a Bendix

* Linear Proficorder which enables surface roughness and waviness determination

!0 for a variety of geometries. To enable seal ring topography to be measured,

an Alpha-Round high accuracy, motor driven, air bearing rotary table is used

to rotate the ring-shaped specimens beneath the Proficorder's stationary tracer

head. A fixture was built to accurately locate and level the seal ring on the

rotary table.

As with most commercially-available profilometers, the Bendix instrument

9 uses analog electronics to determine the most basic surface information (roughness

*. average) and to plot the surface profile. In order to characterize the surface

topography more completely, digital acquisition and analysis of the topographic

data are necessary. Consequently, we have been devoting considerable effort

to the computerization of the surface profilometry system. A dedicated micro-

* computer has been developed for acquiring the profile data from the Proficorder,

doing preliminary analysis of the data, and storing it on a diskette for later

analysis.

.
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The operation of the system is as follows: The program is initialized

from a terminal residing at the system. The user is asked to input variables

required for evaluation of the data that are to be collected (What sampling

rate? etc.). When the system has been initialized, gathering of surface data

-*0 can commence. The microcomputer orders an analog to digital converter (ADC)

to make a conversion. The ADC signals that the conversion is completed. The

data are put in buffer memory in the microcomputer for later transferral to

*0 storage on the diskette. The interrupt timer residing on the microcomputer

board is programmed to give the desired sampling rate. Once all the samples

are taken, processing of the data will begin.

* The data are corrected to eliminate tilt of the measured surface. This is

done by Fourier analysis for a circular trace. These corrected data are then

A€ stored on the diskette.

40 When the operator wants to perform the numerical processing, he inserts

the diskette and asks the microcomputer system to pass the file to a mainframe

computer which has the computational power to perform some otherwise very time-

* consuming calculations such as the Fast Fourier Transform. The operator can

choose what surface roughness parameters and distributions he wants to have

calculated and whether he wants them displayed on a terminal or on a printer.

0 The parameters and curves that will be available include: center-line, peak

to valley height, ten-point height, center-line average, root-mean-square

roughness, average radius of curvature of peaks, standard deviation of radius

of curvature of peaks, average slope, standard deviation of slopes, number of

peaks per unit length, height distribution histogram, the Abbott curve, skew-.,

ness, kurtosis, auto-correlation function, wavelength, and power spectral

density function. Up to the present time, the only topographic information of

real interest in the seal ring study has been the location and relative height

of the waviness peaks on the metallic seal ring surface. Thus the detailed

,2
*0
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data analysis described in the last paragraph has not been necessary yet and

-, is, in fact, still under development. It will be used extensively in the

next phase of this research - the study of ring wear and its relationship to

and effect on topography.

*4

i
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RESULTS AND DISCUSSION

Contact Probe Results - Dry Tests

A series of tests was performed using the three different metallic ring

materials rotating at velocities ranging from 62.8 rad/s to 188.5 rad/s.

Before all tests the metallic rings were lapped and polished to a surface

roughness of 0.1 um Ra or less. The stationary carbon ring was cleaned and,

if necessary, lapped to insure that its embedded contact probe was working.

A normal load of between 65 N and 90 N was applied to the seal before rotation

at the desired velocity was begun.

In all cases, regardless of the rotor ring material or the sliding velocity,

*the contact probe showed evidence of small, distinct contact patches being

present as soon as seal rotation began. The 5 volt pulses produced by the

contact patches were approximately stationary on the oscilloscope screen. Since

the oscilloscope trace was triggered at the same point on the rotating metallic

ring each revolution, this showed that the patches were fixed locations on the

metallic ring surface and were rotating with that ring.

A typical contact probe output trace, taken about 10 minutes after the

beginning of a test, is shown in Figure 2. The test had a rotating seal ring

of 440 C stainless steel in contact with a carbon graphite stationary ring at
-0

a rotary speed of 125.7 rad/s (1200 rpm). Two distinct contact patches are

present on the metallic ring surface, one slightly larger than the other and

'4i both together making up a total of about 15% of the ring circumference. The

surface temperature within the patches appeared to be between 120 and 1900 C,

with an increase toward the trailing edge (at left in Figure 2) and with the

smaller patch being slightly hotter than the larger one.e
In most cases the contact patches began to grow soon after the test began,

both by enlargement of the patches and by the formation and joining together of

new contact spots. This behavior is shown in Figure 3, which shows a sequence

".'*,e.-- .q' .*j: * .*- *,' -'"'-'-'-'." " -','.'."
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of contact probe traces obtained during a test at 125.7 rad/s with a beryllium

* copper rotating ring. Immediately after the test began, two small contact

spots were detected, with their surface temperature being i,'ut 1350 - 155°C.

Soon thereafter a third patch of contact formed and then the patches slowly

enlarged, with their temperatures decreasing. After about fifteen minutes of

operation, four distinct patches were observed and a fifth was just beginning.

The surface temperatures had decreased to about 1150 to 125 ° . Later, after

* about 45 minutes of testing, the patches had enlarged and joined together,

producing two patches, together making up about 80% of the ring circumference.

Considerable differences were found between the results at different veloc-

*b ities and with different metallic ring materials. Most of those results are

reported elsewhere [11,12]. Althoughk the results showed that there is no

unique set of contact patch characteristics associated with any set of test

0 parameters, there are some significant trends and they may be summarized as

follows:

- Contact patches observed with beryllium copper rotating rings tend to be

* larger and at a lower temperature than those with either 440 C stainless steel

or 52100 bearing steel rings. The 52100 rings tended to have the smallest and

hottest contact patches.

- With a given metallic ring material, contact patches tend to be larger and

cooler at lower sliding speeds. Complete contact over the ring circumference

is achieved at low velocity, with the critical velocity for patch formation

Q; being a function of material properties. (Beryllium copper had the highest

critical velocity of the three materials tested, and 52100 bearing steel, the

. lowest.)

- The friction coefficient, f, was approximately the same for all materials

and at all velocities (f = 0.12 + 0.02).

U,,.,-,.",i ,"""." ." """"""""""' .""""""""' - . '- . , "." '-' "- - . - - .". . .". . ' ' '
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dry operation)
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Based on these results, and using the material properties given in Table 1,

it appears that the seal ring materials least susceptible to the formation of

a few small, hot, long-lasting contact patches are those with high thermal

conductivity and low wear resistance. A combination of heat conduction (away

0 from the patch) and wear can lead to the enlargement of the contact patches,

resulting in more uniform contact and lower contact temperatures. Lower

velocities also result in more uniform contact (larger contact patches) and

lower contact temperatures. These parametric influences are similar to those

predicted by Burton and his co-workers [3,13]. The contact patch lengths are

much larger than those predicted by that earlier work, however [12].

-. Some tests were run with the carbon graphite ring as the rotating ring and

with the contact probe mounted in the stationary 4400C stainless steel ring. The

results for those tests strongly indicate that the contact patches tend to

develop on, and remain stationary with respect to, the metallic ring. In

general, either there was complete contact at the probe location throughout the

test, or there was no contact throughout the test. In one test, for example,

( iat 188.5 rad/s, continuous contact was noted at the contact probe throughout

the testing period. Disassembly of the seal showed evidence of contact and

wear at the probe location, demonstrating that a contact spot had been centered

there. The seal was then reassembled, without the usual preliminary polishing,

and tested again under the same conditions. The test showed no contact at the

probe. Evidently the wear at the initial patch location was sufficient to

cause a small depression to form after the ring cooled. Upon further operation

the contact patches were located at new, higher positions.

Contact Pressure and Temperature Analysis

In the study of contact pressure and temperature distribution it was

decided to concentrate on one pair of seal materials, 440 C stainless steel vs

-e2
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carbon graphite, one velocity, 125.7 rad/s, and one normal load, 90 N. In

order to obtain boundary conditions for the surface temperature analysis, two

static thermocouples were used. One was mounted on the rear (non-contacting

face of the stationary carbon graphite seal ring and was monitored con-

tinuously during the 15 minute test. The other was applied to the rear face

of the metallic ring immediately after the test machine was shut off and

rotation stopped. Otherwise, the test was run as described earlier and both

0contact probe and dynamic thermocouple were used to characterize the patches.

In fact, the results are those shown in Figure 2.

The dynamic thermocouple indicated that surface temperatures in each of

w the two contact patches reached a peak near the trailing edge. Temperatures

ranging from 110-1200C to 180-190°C were measured within the contacts, but

* these values are not considered exact. The thermocouple output signal was

* rather noisy, making accurate reading quite difficult, and the calibration,

which was done statically at OC and I00*C, may not be completely valid under

dynamic sliding conditions at higher temperatures. The doubts about the

* Oaccuracy of the temperature magnitudes did not carry over to the shape of the

surface temperature profile. Earlier results had shown a similar general in-* A

crease in temperature from leading to trailing edge [12].

To verify the temperature magnitudes, a thermal analysis was done using

a recently developed finite element program [7,8]. The model was of a segment

of the seal rings stretching from one mid-section between the two patches to

the next mid-section, and including one complete contact patch. The geometry

of the seal rings and the measured contact patch length (8.5 mm) were used in

generating the finite element mesh which is shown in Figure 4. Boundary condi-

tions, based on the test results, were fixed temperatures 840C and 880C on the

rear faces of the carbon and stainless steel rings, respectively. The conditions

encountered by the two contact patches were assumed to be identical, so the

,-..-
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nodes at the left end of the mesh were assumed to be at the same temperature

as those at the right end. The total frictional heat loss, determined from

the friction force and velocity data, was assumed to be equally shared by the

two patches and was initially assumed to be distributed uniformly along the

N Bpatch.

The temperature distribution predicted using the above conditions had a

temperature peak located between the center of contact and the trailing edge,

vbut closer to the center than was noted experimentally. This was attributed

to a mistaken assumption of uniform heat flux distribution. In reality the

heat flux distribution within the contact must follow the contact pressure

"4 distribution, assuming a constant coefficient of friction. To determine the

contact pressure distribution a thermoelasticity analysis was performed using
,8*

the FEATS finite element program. The finite element mesh was the same as that

*used in the thermal analysis (Fig. 4) and the boundary conditions are also

shown in Fig. 4. Half of the measured friction force and normal force were

applied to the seal segment, and the temperature distribution from the thermal

analysis was used. The resulting contact pressure distribution (distribution

of axial stress in contacting elements) was non-uniform, with a peak near the

trailing edge. This was then used to adjust the distribution, but not the

total, of the frictional heat flux at the contact interface and a new thermal

analysis was performed. The new temperature distribution was used in the stress

analysis program to obtain a new contact pressure distribution. This second

contact pressure distribution was very similar to the first, so the iterative

calculation procedure was stopped at this point.

The resulting surface temperature and contact pressure distributions are

shown in Figs. 5 and 6, respectively. Both exhibit peaks near the trailing

edge of the contact patch. The surface temperature profile is very similar in

shape to that measured experimentally (Fig. 2). although the direction of motion

- is different in the two Figures. The magnitude of the measured temperatures (Fig.2)

* ' '' .*. . * .,* 2 * ..- .w:~v.:.* %-..: * .' _.*
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16 appears to be about 15% higher than those determined analytically. Most of

this difference may be attributed to inaccuracies in the dynamic thermocouple

measurements.

Stress Distribution

The stress analysis showed that thermal stresses and deformation are more

important than those caused by mechanical loading. In most locations near the

* contact patch the stresses and deformations due to the combined thermal and
4

mechanical loadings were at least an order of magnitude higher than those due

to mechanical loadings alone. This is in agreement with stress analyses of

hypothetical contacts done recently by other researchers [14].

The largest equivalent stress values occur in the region of highest temper-

ature. This can be seen in Figures 7 and 8. Both Figures focus on a region

around the contact patches, with Figure 7 showing isotherms in that region and

Figure 8 showing isobars (lines of constant equivalent stress). From Figure 7

it can be seen that temperature gradients are a bit more severe in the carbon-

vring, with respect to which the heat source is moving. In contrast, the stresses

in the metallic ring are much larger (by almost an order of magnitude) than the

stresses in the carbon. This difference, which is due to the difference in

elastic moduli between the two materials, accounts for the fact that no high

*. stress isobars are seen in the carbon ring in Figure 8. The largest equivalent

stresses occur very close to the point of peak surface temperature in the metallic

ring. Although the peak stresses in this case, about 75 MPa, were not large

enough to cause plastic deformation, it is expected that the peak stress in more

concentrated, hotter contacts could. easily exceed the yield stress of the metallic

( ring material.

A study of the stress analysis results showed that the largest principal

stresses in the region around the contact patch, at least in the metallic ring,
"
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are all compressive. This is attributed to the dominance of thermal deforma-

tion in that region. Such a state of stress cannot directly cause cracks to

be initiated. The only plausible explanation for the occurrence of thermocracks

, on the surface of metallic seal rings is that they are caused by residual stress.

If the temperatures in a contact patch are high enough, significant thermal

stress would occur in that region. The thermal stress, which is predominantly

compressive, could cause substantial plastic deformation in that region. If the

contact patch then moved elsewhere, owing to either wear or cooling, there would

be a resulting residual tensile stress in the plastically deformed region. The

residual stress could cause cracking of the seal ring material in that location.

This proposed thermocracking mechanism has been shown to be consistent with

observed microscopic observations of thermocracked seal rings [6].

fa

;
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Relationship Between Surface Profile and Contact Patch Location
4p

When the first measurements were made of contact patch sizes and locations

[11, it was hypothesized that the contacts were located at waviness peaks on

the contact surface of the metallic ring. 
We were at the time unable to verify

that hypothesis. Recently, with the acquisition of the profilometry systems

. described above, we have been able to start addressing that question and

determine the relationship between contact patch locations and ring surface

profiles.

Mechanical face seals are typically lapped to a high degree of flatness

before operation. Despite this, seals always have some initial waviness present

on their surface and this waviness has been observed to grow during seal operation

[15]. In our work we have attempted to lap our seals to industry specifications

4* prior to testing. Yet, in all cases, solid/solid contact was found to occur at

discrete patches on the seal interface. There was distinct evidence of wear

- and carbon transfer at locations on the metallic seal surface which corresponded

closely with measured patch locations [2,12]. In order to relate those patch

locations to the surface profile of the metallic ring, several metallic rings

had their surface profile determined after testing and the profile was compared

with the contact probe measurements of contact patch locations.

A typical contact probe output trace is shown in Figure 9. The trace is

from a dry test of a carbon graphite stationary ring in contact with a 440 C

stainless steel ring. The photo was taken after about 15 minutes of testing at

125.7 rad/sec. Three distinct contact patches are seen, with some evidence of

a fourth forming (at about 400 from starting point). Soon after the photo was

taken the seal was disassembled and the surface profile of the metallic ring
was measured. The ring was rotated beneath the profilometer's measuring head
on an accurate air bearing rotary table. The resulting profilometric data were

%o
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FIGURE 9 Contact probe output after 16 minutes of dry test of
rotating 440C stainless steel ring vs. stationary carbon
graphite ring at 125.7 rad/sec.
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then preprocessed by analysis software which subtracted ring tilt (by doing a

Fourier analysis of the data and subtracting the first harmonic) and then

subtracting the centerline of the remaining height distribution. A plot of

the preprocessed profile data is shown in Figure 10. It can be seen that the

metallic ring has a waviness which has four distinct peaks around the ring

circumference. Three of the peaks are higher than the fourth and the locations

of those peaks are the same as those of the three measured contact patches.

*W The highest of the peaks, located at about 1400, appears to be at the beginning

of the broadest contact patch. The smallest peak is at about the same location

as the small patch just coming into contact in Figure 9.

The results shown in Figure 9 and 10 are similar to that obtained in other

- tests with both 440 C and 52100 rotating rings under both dry and liquid lubri-

cated conditions. Thus, there is strong evidence to support the hypothesis that

m contact patch locations coincide with peaks of the surface profile waves. There

is also evidence to indicate that wear occurs at those peaks to change the

surface profile and to cause movement of the contact patches. Some such wear

* is evident in Figure 10, particularly at the first and third peaks. The worn

shoulder of the third waviness peak is also seen in Figure 9 to be a location

of light contact adjacent to a contact patch which is located at the higher

portions of that peak. Further work is now in progress to study the progression

of that wear and the factors that affect it.

Wear Results

Wear data were gathered during some of the dry tests of seal rings. Before

each of these tests both metallic and non-metallic seal rings were lapped and

then ultrasonically cleaned and weighed on an accurate analytical balance. After

installation of the rings a normal force of 92 N was applied to the seal and

.6. the rotating ring was set in motion at a preset velocity. The tests continued

a;2............,......- - a-.. .. . ... ..... .. ~ ,. -.. -. ..... .. , . .. . ... .
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for 1 hour, after which the seal was disassembled. Each ring was then again

* cleaned and weighed. Wear was therefore determined as the total weight (or

mass) lost during the 1 hour test.

4 Three different carbon ring materials were tested in this series of tests;

* the commercial carbon graphite material (Pure Carbon grade P658RC), and

graphite fiber-glass matrix composite materials (CompglasTM ) produced by

United Technologies Corp. Research Center. One of the carbon composites con-

" tained 40% carbon fiber and the other 45%. All carbon rings were run against

a 440 C stainless steel rotating ring.

Results of the series of tests are presented in Table 2. All of the data

* are averages of two or more runs. From the data it can be seen that the carbon-
glass composite materials wore much less than the carbon graphite ring under

the same conditions but those rings caused slightly more wear on the stainless

* steel ring. The carbon composite ring containing the least (40%) carbon fiber

.,' experienced the least wear but wore the metallic ring the most. In all cases

it was found that a decrease in wear of the carbon ring was accompanied by an

( increase in metallic ring wear.

From the last two entries in Table 2 it can be seen that a decrease in

surface velocity (and total sliding distance) by 33% resulted in a decrease in

wear of the metallic ring by about 33% but a much smaller relative decrease (20%)
in carbon ring wear. That appears to indicate that the carbon ring wear rate

..I (wear per unit sliding distance) was not constant, but was greater earlier in

the run. Further tests are underway with all material combinations to verify

this conclusion and to ascertain where on the ring surfaces the wear occurs.

!--
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TABLE 2

Results of Wear Tests of Seal Rings

Carbon Carbon Metallic
* Test Surface Ring Ring Ring*

Combination Velocity Material Wear Wear
m/s (mg) (mg)

1 4.95 carbon graphite 59.8 2.1

2 4.95 carbon-glass 20.6 6.6
(45% C)

3 4.95 carbon-glass 40.5 3.7
(40% C)

4 3.3 carbon-glass 32.4 2.5
* (40% C)

5'

440 C stainless steel metallic ring in all cases

Test duration for all tests: 1 hour

Normal force for all tests: 92 N

All tests were run dry (no sealed liquid)

.. "
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Contact Probe Results - Liquid Lubricated Tests

- In the liquid lubricated seal tests, pressurized water was introduced

as a sealed fluid at the interior of the seal. The tests were then run using

the same procedure described earlier for the dry tests. Previous results

*with liquid lubricated seals [12] had shown that the contact probe signal tended

to be shorted through the thin film of sealed liquid between the seal faces.

In these tests some of the same current leakage occurred but, owing to careful

test procedures, a lower fluid pressure, a larger normal force between the

A seal faces, and some electronic signal filtering, the contact probe and thermo-

couple both gave clear indications in most cases.

Many of the results of the liquid lubricated tests were similar to those

described earlier for dry tests. A typical set of results is shown in Figure 11

for the case of carbon graphite stationary ring and beryllium copper rotating

*ring. In Figure lla is shown a photo of the contact probe output at the beginning

of a test at 62.8 rad/sec angular velocity. Despite lapping of the rings prior

to the test there is evidence of five distinct contact patches, comprising a

total of about 25% of the ring circumference. The temperature in the patches

is 85-90*C, according to the dynamic thermocouple output. Later, after about

3 minutes of testing the patches had grown and merged into three large patches,

making up nearly 75% of the circumference and having temperatures ranging from

55-600C (Fig. llb). Still later, after 7 minutes of testing, there was a

shrinkage of the patches that seemed to be accompanied by (or related to) leakage

of fluid from the seal. These patches gradually grew until after about 15
V .'

?.V minutes there were again three large contacts similar in size to those in

Figure llb.

At higher speeds there tended to be smaller contact patches, as was the
case with dry operation. Figure 12a and b show results for beryllium copper
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.PI
J, rings rotating at 125.7 and 188.5 rad/sec respectively. The photos show

, contact probe output after about 30 minutes of operation, when the patch size

had settled to a steady size. It can be seen that the total patch length was%

shortest for the 188.5 rad/sec test ( -35% of the ring circumference) and was

larger (about 50%) for the 125.7 rad/sec tests. As was shown in Figures 11,

the contact patches covered a total of about 75% of the ring circumference

in the 62.8 rad/sec tests. Thus, as was found earlier in the dry tests [11],

* the contact patch length decreases as the speed increases. The surface tempera-

ture within the patches was also found to be higher for shorter patch lengths

in these liquid lubricated tests (up to about 1500C for the 188.5 rad/sec tests).

These temperatures were somewhat lower than those measured in dry tests under

the same conditions [ll], although the friction coefficient was nearly the

same as that measured in the dry tests (f = .15). An analysis of the surface

temperatures indicated that the major reason for the lower temperatures was

transfer of heat to the sealed fluid at the inside of the rotating seal ring.

Tests with 440 C stainless steel mating rings showed the same trend as

that observed in the beryllium copper tests. There were fewer, larger, and

cooler contact patches at lower speeds than at higher velocity. The same tendency

was noted with 52100 bearing steel mating rings. These results are similar to

those found earlier in dry tests of those materials.

One result of the liquid lubricated tests that differed from those of the

dry tests was a slight tendency of the friction coefficient to be lower at higher

velocities, particularly with the 440 C mating rings. The average friction

coefficient was .15 at 62.8 rev/sec, decreasing to .13 at 188.5 rev/sec. This

could be an indication of more effective hydrodynamic lubrication at higher

velocities. Another difference between the wet and dry tests was the more

stable nature of the contact patches in the dry cases. As noted above, there

were more sudden changes in patch size in the liquid lubricated tests than had

been observed in dry cases.

,-.
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FIGURES 11. Contact probe output during test at 62.8 rad/sec of rotating
* beryllium copper ring vs. stationary carbon graphite ring with

pressurized water as sealed fluid.
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FIGURES 12. Contact probe output near end of tests of rotating beryllium

copper ring vs. stationary carbon graphite ring with pressurized
- '- water as sealed fluid.

ISO

* FIGURE 12a. 125.7 rad/sec

FIGUR 12.185pa/e



-. . . . o - - - .

36

CONCLUSIONS

It was found that contact in face seals is concentrated in several (2-5)

small patches distributed around the seal interface. In a carbon graphite/

metallic face seal, the patches remain approximately stationary with respect

to the metallic ring, whether that ring be stationary or rotating. This is

true of both dry and liquid lubricated operation, although the contact patches

were more transitory in nature in the liquid lubricated case. In both cases

the patch length is smaller, and surface temperatures higher, at higher seal

velocities and with less conductive or more wear resistant metallic rings.

The peak surface temperature occurs near the trailing edge of the contact patch

and the heat flux and contact pressure distributions within the patch also

reach a peak near the trailing edge. The largest contribution to the stress

distribution near the contact patches is thermal stress, with stresses caused

by surface tractions being smaller in magnitude. The maximum stress near the

small hot patches could be large enough to cause plastic deformation and this

could be responsible for the thermocracks which occur in some seals.

The location of the contact patches was found to coincide with the peaks of

waviness on the surface of the metallic ring. There was evidence of wear at

Q those peaks, although that localized wear has not yet been quantified. Measure-

ments of gross ring wear have been made, however, and they show significant

wear of the carbon ring, with less wear of the metallic ring. An increase in

0 athe wear resistance of the carbon ring is accompanied by an increase in the

wear of the metallic ring.

*JI
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